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1,2 For the first time in the history of neuroscience we were able to see, reconstruct, and replicate long-range structural connections between distant cortical and subcortical areas, the so-called fiber tracts of the living human brain. For neurosurgeons, the possibility of evaluating the surgical anatomy of the fiber tracts of patients with brain lesions was then very promising, and therefore DTI was expected to become the ultimate tool for presurgical planning.
The initial excitement, however, was followed by skepticism and deception associated with the subjectivism and limited practical application of DTI both in the neuroscience and neurosurgery community. 8 A few years ago, several colleagues and I completed a comprehensive study on the anatomy of the fiber tracts combining fiber microdissection in postmortem human brains and in vivo DTI of healthy volunteers and neurosurgery patients. 7 We realized then that while DTI is able to replicate the main stem of major fiber tracts both in healthy volunteers and in patients, its application and results must be carefully analyzed given the limitations of the technique due to to the "crossing and termination" problems: DTI cannot solve the crossing of multiple fibers and is not capable of determining with precision the cortical and subcortical termination of the fiber bundles, missing large segments of the fiber tracts and causing multiple artifacts and pseudotracts.
The work presented by Farquharson et al. 5 adds to the literature further evidence of the limitations of DTI in replicating the known neuroanatomy of the corticospinal tract both in healthy volunteers and in patients with brain lesions. The article very nicely illustrates this limitation and proposes a practical solution-constrained spherical deconvolution. As well pointed out by the authors, the tensor model in which DTI stands is or should be obsolete by now, and we are obligated, both as surgeons and scientists, to search for better models.
The authors also effectively explain the 3 steps to obtain fiber tractography: acquisition (imaging protocol), estimation of fiber orientation (the mathematical model that solves the direction of fibers within a voxel), and application of the tracking algorithm (the mathematical model that reconstructs fiber tracts from voxel diffusion information). The details and nuances of the multiple possibilities at each step are beyond the interest of the neurosurgeon, but it is important to understand that several groups (including the Melbourne group led by Tournier, Calamante, and Connelly) have achieved significant improvements at each step over the last few years. In this effort to move beyond DTI, the close collaboration between radiologists, physicists, mathematicians, computer science experts, and neuroanatomy and neurosurgery experts is key. We, as neurosurgeons and neuroanatomy experts, are at the end of the chain, to test the quality of the product and to evaluate its clinical and surgical applications.
Over the last 4 years at the University of Pittsburgh, we have been working on the quest for the best possible fiber tracking method. Ultimately, the "perfect" fiber tractography will be able to accurately and repeatedly replicate the structure of the white matter with submillimeter resolution both in healthy volunteers and in the clinical setting. With this goal in mind, we have developed what we call high-definition fiber tractography (HDFT), which is a novel combination of advanced acquisition of diffusion-weighted MRI, reconstruction, and tractography methods that can track white matter fibers from cortex, through complex fiber crossings, to cortical and subcortical targets with subvoxel resolution.
6 Highdefinition fiber tractography relies on diffusion spectrum imaging (DSI) for acquisition, 19 generalized q-sampling imaging for estimation of fiber orientation, 21 and several innovations in fiber tractography methods (dense sampling of ROI-based tractography data, multiple intravoxel sampling, and a multi-directional version of FACT deterministic tractography).
6,17
High-definition fiber tractography has passed the "neuroanatomy quality test" by successfully replicating several known neuroanatomical features such as the gyral and sulcal folding patterns, the characteristic shape of the claustrum, the segmentation of the thalamic nuclei, the decussation of the superior cerebellar peduncle, the multiple fiber crossing at the centrum semiovale, the complex angulation of the optic radiations, the terminal arborization of the arcuate tract, and the cortical segmentation of the dorsal Broca area. 6 In the particular case of the corticospinal tract, HDFT was able to reveal several unique patterns, including the cortical origins of ventral premotor fibers and small (~ 1-2 mm) shifts in the midbrain location of premotor versus primary motor cortex fibers. More importantly, within the relatively small diameter of Editorial the pyramidal tracts (~ 5 mm), HDFT was able to map and quantify the direction of the corticospinal somatotopy.
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We have applied this technique to over 130 patients, showing that HDFT provides accurate structural connectivity studies in patients with intracerebral lesions, neurological disease, or traumatic brain injury, allowing for qualitative and quantitative white matter damage assessment, aiding in understanding lesional patterns of white matter structural injury, and facilitating innovative neurological and neurosurgical applications. 6 On the negative side, HDFT studies still pose several challenges. The duration of the scan is currently 43 minutes, which is less convenient than the 10-minute scan reported by Farquharson et al., 5 but by no means "impractical," since in our experience most patients (more than 90%) will tolerate the longer scan. That being said, HDFT studies are currently performed in a selective basis; therefore, if highvolume, more than high-quality, fiber tracking studies are needed, then the protocol recommended by Farquharson et al. 5 would be more suitable until we are able to reduce scanning time for more sophisticated protocols such as HDFT.
Unfortunately, the accuracy of fiber tractography is further complicated by the complexity of the architecture of white matter fibers, which goes beyond crossing fibers to include fanning, kissing, and bending patterns, all happening in sub-millimetric space. Advanced fiber tracking techniques still have difficulties replicating these patterns in certain areas of the brain, mainly because the current spatial resolution of the diffusion voxel is 2 mm. Within this limited space there can be multiple fiber tracts crossing, kissing, or bending, and differentiating between them becomes extremely complicated. As a consequence, it is common to obtain false continuation of fiber tracts, which can be highly misleading.
The true challenge in the correct interpretation of fiber tracking results is due to the lack of a "gold standard" in human white matter anatomy. Our current knowledge of the anatomy of the human fiber tracts is based on 2 main sources: 1) histological and fiber dissection postmortem studies of human brains 7,9,15 and 2) tracer injection studies on nonhuman primates. 13 While the former method is less accurate and cannot provide a detailed account of the multiple cortical and subcortical terminations of the fiber tracts, the latter is only available for the nonhuman primate brain and its results cannot be directly extrapolated into the human brain. 4 Interestingly, these methods have offered discrepant views and results on the anatomy of several fiber tracts, such as the superior and middle longitudinal tracts, the superior and inferior frontooccipital tracts, the arcuate tract, and others. Over the last few years, we have seen several investigators aiming to replicate the monkey fiber tract anatomy in the human brain by means of DTI. For instance, Makris et al. 10 employed DTI to show that the middle longitudinal fascicle, as originally described in the monkey brain, has a similar connectivity pattern in the human brain, interconnecting the superior temporal gyrus with the angular gyrus. Our fiber dissection studies, however, showed that the middle longitudinal fascicle does not mainly connect with the angular gyrus but with the superior parietal lobule and parietooccipital region, and our HDFT studies confirmed these results and provided greater detail.
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Similarly, again the same group, using DTI, described the trajectory and connectivity of the superior frontooccipital fascicle in the human brain as being equivalent to the one in the monkey brain, 11 while years before Türe et al. 16 were not able to find this fiber tract in the human brain by means of fiber dissection and revealed that this structure is actually the superior thalamic peduncle. Our results, both using fiber dissection and in-vivo HDFT are in agreement with those of Türe et al., 16 and again in complete disagreement with those who tried to use DTI to replicate the anatomy of the monkey fiber tracts in the human brain. We have also recently seen that Wedeen et al. 20 have proposed a geometrical grid pattern in the brain that could help the understanding of the brain's organization and connectivity. However, we agree with Catani et al.
3 that the grid pattern does not correspond at all to the real anatomy and is most likely an artifact attributable to the limitations of the fiber tracking method. These are just some examples of the importance of critically analyzing fiber tracking results and comparing them to the knowledge obtained in the neuroanatomy lab by means of meticulous fiber microdissection.
Lastly, it is truly remarkable that in the 21st century we have not yet ascertained the detailed anatomy of the human fiber tracts. The very recent implementation of fiber tracking techniques, as shown here, is playing a key role in changing this lack of fundamental knowledge. The NIH Blueprint for Neuroscience Research stated that the Human Connectome Project, which aims to elucidate the fiber pathways that underlie brain function, 14 is one of the great scientific challenges for the upcoming decade and has made major investment for connection mapping.
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There is no doubt that the ability to noninvasively map the structural connectivity in the living human brain promises major developments in the diagnosis and treatment of brain disorders, with important implications in the neurosurgical field. We thank Dr. Fernandez-Miranda for his comments supporting the need to move beyond DTI-based fiber tractography techniques. The development of DTI 3 almost 2 decades ago was undeniably a pivotal moment in the field of diffusion MRI, and quantitative parameters derived from the diffusion tensor have had huge clinical impact. Nonetheless, there is now unequivocal evidence demonstrating that tensor-based fiber tracking is prone to systematic biases. 1, 6, 11, 13 Given the availability of more robust methods, we welcome the statement that DTI-based tractography techniques should now be considered obsolete and that we are obligated (both as surgeons and scientists) to use more reliable tractography models.
However, we strongly disagree with the suggestion that the so-called high-definition fiber tractography (HDFT) 5 technique is more sophisticated than the constrained spherical deconvolution (CSD)-based technique 10 or by implication many of the other related higher-order models proposed to date. We believe this claim is not defensible. We provide a short summary of the technical reasons for our disagreement in the paragraphs below.
The major reason for our disagreement is related to the key step in any tractography method, namely the estimation of the fiber orientations. It is well established in the diffusion MRI technical literature that the broad class of methods that estimate the "diffusion orientation distribution function" (dODF) instead of the fiber orientation directly has relatively limited capability to resolve fibers with narrow crossing angles (see Alexander and Seunarine, 2 also Jones et al. 7 for recent review). The method used in HDFT to estimate the fiber orientations is based on such a method, from which the fiber orientations themselves need to be estimated in a second step. Constrained spherical deconvolution on the other hand belongs to a class of methods that recover the fiber orientation distribution directly, and such methods have been demonstrated to have improved angular resolution compared to the dODF-based methods. 4, 12 Dr. Fernandez-Miranda alludes to this problem himself in his agreement with Catani et al. 4 about the findings of Wedeen et al. 15 being due to the limitations of the dODF-based method used by the latter. Furthermore, although it has been shown that the dODFbased approaches can be improved to some extent by also incorporating a subsequent spherical deconvolution (as is done in HDFT), Dr. Fernandez-Miranda's colleagues have shown results obtained using their method 16 that are demonstrably inferior to those produced by CSD using an identical data set from the same phantom sample (see Tournier et al. 12 ). Yeh et al. 16 acknowledge that more accurate results could be obtained by incorporating better constraint optimization methods, such as those employed in CSD.
It should also be emphasized that the necessity for a longer scan time cannot be considered a measure of quality when comparing 2 different fiber tracking approaches. It is important to acquire diffusion data that are optimal for the intended data analysis method, and in general, if more time can be dedicated to data acquisition, any method of analysis will provide better results through the simple factor of increasing the signal to noise of the data. Nevertheless, CSD and related similar methods have been proven to provide high-quality fiber orientation estimates and tractography results from diffusion data acquired in less than 10 minutes, 9 whereas DSI 14 -based techniques (such as HDFT) inherently require a very long data acquisition time in order to be able to generate fiber orientation estimates. In this respect, the HDFT technique is in fact a relatively inefficient approach-a criticism often extended to DSI-based techniques in general.
Finally, the fiber-tracking algorithm used in HDFT is a simple extension of the original FACT algorithm, as proposed by Mori et al. in 1999. 8 This approach is part of a broad class of "deterministic" tracking approaches that provide a single-estimate pathway from a given seed point. Current state-of-the-art methods are now based on more advanced "probabilistic" approaches that take the various sources of uncertainty into account and aim to provide a range of likely pathways from a given seed region that more realistically reflects the uncertainty in the data. The methodology employed in our study includes such a probabilistic algorithm.
Given the remaining technical issues in fiber tracking, we are concerned by Dr. Fernandez-Miranda's statement that HDFT "has passed the 'neuroanatomy quality test'." Such an assertion is potentially dangerous, as it implies that the method has been validated such that it can be trusted implicitly. Similar claims have been made many times in the past about DTI-based fiber tracking, and it is now clear that the technique contains fundamental flaws. While higher-order methods such as CSD and those used in HDFT are clearly superior to DTI, the lack of a "gold standard" by which to validate fiber tracking methods unfortunately remains a serious issue. Scientists and surgeons therefore still need to exercise caution, and to understand the characteristics and limitations of their chosen tractography software when interpreting their results. The reconstruction of various selected pathways alone does not constitute thorough validation, and indeed Dr. Fernandez-Miranda himself concludes in his recent Neurosurgery article 5 that "Further studies to validate the clinical findings are needed."
In conclusion, we would like to emphasize that the principal aim of our paper was to provide comprehensive evidence demonstrating the practical consequences of the limitations of DTI-based tractography-the most widely used tractography method in the clinical setting. The data we presented achieved this purpose and also demonstrated that it is already possible to achieve greatly improved tractography images using higher-order models such as CSD. While it is clear from the above that there is ongoing debate regarding the optimal approach with which to replace DTI tractography, we are in strong agreement with Dr. Fernandez-Miranda on the need to move beyond DTI-based tractography methods toward more refined methods if we are to achieve biological reliability in tractography information for use in neurosurgery.
